The high-temperature joining process is a key technology for electronic components and assemblies of automotive and other high-temperature applications. Recently, focusing on a sintering behavior of metal particles, the joining process using metal particles has been proposed as a solder alternative to establish a new joining technology for high-temperature applications. In this study, mixed Ag particle pastes were experimentally applied and the effect of the addition of Ag nanoparticles into micro-sized Ag particles on the joint strength has been studied to improve joint strength using Ag particle paste. Then, the effect of joining atmosphere on the joint strength of Cu-to-Cu joint using mixed Ag particle paste has been investigated.
Introduction
Die attach or interconnection technology for power devices is of interest as it forms an integral part of the electronic package. The technology determines the mechanical, thermal and electrical properties of the interface between the device and the substrate. On the other hand, the European Restriction of Hazardous Substances (RoHS) currently exempts the use of high-lead-containing solders for high-temperature soldering, as hightemperature soldering is a key technology for hightemperature applications such as power devices. However, there is no guarantee that the exemption will last. A strong drive thus exists to find lead-free alternatives for high-temperature joining process.
So, some die attach materials without harmful substance have been investigated for hightemperature applications, because the high temperature solders containing more than 90 mass% Pb are still commonly used in various applications. For example, Au-, Zn-and Bi-based alloys have been investigated for use as lead-free solder, but their widespread use is unlikely because of their inferior properties and high costs [1] [2] [3] [4] [5] [6] [7] . New joining processes involving thin film joining process using evaporated films and sintering process using metal particles have also been proposed as solder alternatives [8] [9] [10] .
Nanoparticles have high surface energies which enable them to undergo particle aggregation and coalescence at much lower processing temperature as compared to the bulk materials. So, one candidate process that might be applicable for joining at lower temperature is sintering using nanoparticles. The sintering behavior of metal nanoparticles has been exploited to write electronic circuits and join components to a substrate [11] [12] [13] . For example, Ide et al. [12] reported achieving Cuto-Cu joining using Ag nanoparticles at a low bonding temperature (300 ºC) and a bonding pressure of 1 or 5 MPa; the shear strength of the resulting joints was 25-40 MPa. Bonding was believed to occur because of the large surface energy contributed by the nanoparticles. Copper (Cu) electrodes or Cu substrates have been extensively used in electronic packaging to hold the components and chips. Cu is chosen due to its useful properties of high-electrical and thermal conductivities, relative high-strength, and low-cost. So, Cu is a suitable for the common test sample.
Recently instead of using nanoparticles, micro-sized Ag particle paste has been investigated for low-temperature bonding process [8] . Zhang et al. reported pressure-assisted low-temperature sintering of micro-sized Ag paste was shown to be a viable alternative to solder reflow as a die-attachment solution. Bonding using micro-sized Ag paste could be performed at 240 ºC under pressure of 40 MPa.
In this study, mixed Ag particle pastes were experimentally applied and the effect of the addition of Ag nanoparticles into micro-sized Ag particles on the joint strength of Cu-to-Cu joint has been studied to improve joint strength using micro-sized Ag particle paste. Then, the effect of joining atmosphere on the joint strength of Cu-to-Cu joint using mixed Ag particle paste has been investigated.
Experimental
The Ag particle paste used in this study consisted of micro-sized Ag particles (mean diameter: 2.5 m), Ag nanoparticles (mean diameter: 100 nm) and terpineol as a solvent. The metal contents of the paste are 70, 80 and 90 mass%. The microstructures of those particles are shown in Fig. 1 . The mass fractions of micro-sized Ag particles/Ag nanoparticles were 10/0, 7/3, and 5/5, respectively. Figure 2 shows the two different-sized oxygen-free Cu specimens used for the joining experiment. The faying surfaces of the specimens were polished with 2000-grit SiC paper and 1 m diamond paste, then soaked in ethanol solution for 300 s. Just before bonding, the specimens were soaked in hydrochloric acid and cleaned with distilled water and ethanol solution. The paste was applied to the faying surface of the 10mm Cu specimen to a thickenss of 150 m, and then the 3 mm Cu specimen was set on top.
Cu-to-Cu disc specimens so created were bonded by heating in a furnace. Bonding was performed in two-step heating method. For two-step heating, specimens were preheated at 120 ºC for 300 s and then, they were heated mainly at 300 ºC for 600 s under joining pressure of 5 MPa in an air and under nitrogen atmosphere.
The shear test method was used to investigate joint strength of the disc joints. The shear strength of three joints for each joining condition were measured at a shear strain rate of 0.017 mm/s. The strength was estimated by the average of three trials. Fig. 3 shows thermogravimetric (TG) curves for both micro-sized Ag particle paste and mixed Ag particle paste during heating at a rate of 0.17 ºC/s in air. For both cases, a first mass loss is evident at less than 100 ºC to 200 ºC, attributable to decomposition of the solvent. Especially in the case of mixed Ag particle paste, the second mass loss is clearly observed at 200 ºC to 300 ºC, attributable to decomposition of the organic layer for Ag nanoparticles.
Results and discussion
The Cu-to-Cu disc joints using micro-sized Ag particle paste were made at the various holding temperatures under joining pressure of 5 MPa in air. Fig. 4 shows the effect of the holding temperature on the shear strength of the disc joints. The shear strength of the disc joints increases with increasing temperature. At 200 ºC and 250 ºC, the shear strength is less than 10 MPa and at 300 ºC, which is higher than the decomposition temperature of the solvent, the shear strength is about 15 MPa. Fig. 5 shows the effect of metal content in micro-sized Ag particle paste on the shear strength of the disc joints. The Cu-to-Cu disc joints using the paste were made at 300 ºC for 600 s under pressure of 5 MPa in an air. The shear strength of the disc joints increased with increasing metal content. In the case that metal content is 90 mass %, the shear strength is more than 15 MPa and however, the viscosity of the paste is too high for practical purposes. To clarify the effect of Ag nanoparticle addition on the shear strength, the mixed Ag particle pastes using various mass fractions were investigated. Fig. 6 shows the shear strength of the disc joints in an air using the mixed Ag particles, which mass fractions of micro-sized Ag particles/Ag nanoparticles were 10/0, 7/3, and 5/5. The Cu-to-Cu disc joints using the mixed paste were made at 300 ºC for 600 s under pressure of 5 MPa in an air. In the case that the mass fraction of the mixed paste was 7/3, the shear strength was highest, around 20 MPa. However, the shear strength using the mixed paste that mass fraction is 5/5 is almost similar with that using micro-sized Ag particle paste. So the joint strength is likely to depend on the mass fraction of micro-sized Ag particles/Ag nanoparticles in the paste.
The cross section of the Cu-to-Cu disc joint was observed. Fig. 7 shows the cross-section microstructures of the sintered layer at 300 ºC for 600 s in an air with the micro-sized Ag particle paste and the mixed paste. For both cases, the sintered layer has a porous structure and the sintering between particles clearly proceeded. For the mixed paste, Ag nanoparticles disappeared and micro-sized Ag particle become connected to each other. The porous size of the sintered layer for the mixed paste is clearly smaller than that for the micro-sized Ag particle paste. Then, to investigate the effect of joining atmosphere on the shear strength, the disc joints using the micro-sized Ag particle paste and the mixed paste were made under nitrogen atmosphere. Fig. 8 shows the shear strength of the disc joints under nitrogen atmosphere using the mixed metal particles, which mass fractions of micro-sized Ag particles/Ag nanoparticles were 10/0, 7/3, and 5/5. The Cu-to-Cu disc joints using the mixed paste were made at 300 ºC for 600 s under pressure of 5 MPa. For all cases under nitrogen, the shear strengths of the joints are higher than that in air. In the case that the mass fraction of the mixed paste was 7/3 and 5/5, the shear strength was over 20 MPa. 
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Micro-particle paste Mixed particle past Figure 9 : SEM images of cross-section microstructure of sintered layer at 300 ºC forlayer under nitrogen atmosphere is much smaller than that in an air, and then the porous size of the sintered layer for the mixed paste is smaller than that for the micro-sized Ag particle paste.
Conclusions
Mixed Ag particle pastes were experimentally applied and the effect of the addition of Ag nanoparticles into micro-sized Ag particles on the joint strength of Cu-to-Cu joint has been studied to improve joint strength using Ag particle paste. There was an interesting effect of Ag nanoparticles into micro-sized Ag particles on the joint strength of Cu-to-Cu joint. In air, the shear strength of the joint was the highest, around 20 MPa, in the case that the mass fraction of the mixed paste was 7/3. Under nitrogen atmosphere, in the case that the mass fraction of the mixed paste was 7/3 and 5/5, the shear strength of the joint was over 20 MPa. Therefore, the joint strength is likely to depend on the mass fraction of micro-sized Ag particles/Ag nanoparticles in the paste. The porous size of the sintered layer under nitrogen atmosphere is much smaller than that in an air, and then the porous size of the sintered layer for the mixed paste is smaller than that for the micro-sized Ag particle paste. It is important to form a small porous structure of the sintered layer in order to improve the joint strength using Ag particle paste.
